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ABSTRACT 

The jet pump is a device that compresses low-pressure fluid by 
means of a high energy jet. This device is simple, reliable and light 
weight, and is attractive for various uses including eventual applica- 
tion to boundary layer control for aircraft. 

In this study the theoretical flow of a perfect gas through con- 
stant pressure and constant area jet pumps is predicted by analyzing 
the equations of continuity, energy and momentum. Of particular in- 
terest is the effect of heating the high energy jet. The parameters 
describing optimum heated jet pumps are determined. The ideal pumps 
presented herein represent upper performance limits for actual devices. 

Also included is a complete description and design of a facility 
for testing heated jet pumps. Specific test configurations are analyzed, 


and performance curves are illustrated. These curves facilitate compari- 


son between theory and experiment. 
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1% Introduction 

A jet pump is a device designed to draw a given mass flow of fluid 
from a low-pressure source and deliver it to a region of higher pressure 
by means of a high energy jet of air. Basically, this analysis was under- 
taken to investigate the theoretical operation of jet pumps, and to recom- 
mend a test facility design to provide for the comparison of theoretical 
and experimental data. The ultimate objective of this investigation is 
the eventual application of jet pumps to boundary layer control on air- 
craft. 

The jet pump is attractive for an application of this nature due to 
its reliability, simplicity, and light weight. Also, this device can be 
readily incorporated into a jet aircraft's power plant cycle. For cer- 
tain conditions, such as full-throttle operation, it is conceivable that 
the mechanical power available to the jet pump may be limited. Hence, 
it is of interest to investigate if the mechanical power required for a 
given application can be reduced by heating the primary jet air. 

The theoretical analysis of ideal jet pump performance contained 
herein considers the effect of this heating. Constant area and constant 
pressure mixing processes are investigated. In all cases it is possible 
to predict "optimum conditions" for specified jet pump configurations. 
Since all losses except mixing losses are neglected, the results of this 
study represent a performance limit that actual jet pumps can approach, 
but never exceed. The final results shown in Appendix C were deter- 
mined by means of the Control Data Corporation 1604 digital computer. 


This theoretical analysis is an extension of the work initiated by 


Belter in Reference |. 

For any study to be complete it is necessary to substantiate the 
theoretical results by experimental data. In view of this fact, a 
design for a heated jet pump test facility is presented. Several test 
facility configurations along with their material cost estimates are 
included. 

The writers wish to express their appreciation for the assistance 
and guidance provided by Professor Theodore ,]. Gawain, of the U. S. 


Naval Postgraduate School, Monterey, California. 


2. Theoretical analysis 
Definition of performance coefficients 

A jet pump must be able to produce a required discharge momentum. 
For this output, a certain amount of mechanical power and heat energy 
must be supplied to the jet air. Reference 1 expresses the power and 
heat inputs and discharge momentum as dimensionless coefficients. The 
arbitrary reference dimensions chosen were for ambient air at sonic 
velocity and the hypothetical area, Aes necessary to pass the dis- 
charge from the jet pump at sonic velocity. 

a. Momentum coefficient 
The momentum coefficient is defined as the dimension- 


less discharge momentum. 


5 Cs As Vs 
8 co Ae ae (1) 
b. Power coefficient 


The power coefficient is defined as the dimensionless 


power supplied to the primary air. 





Cyn اميت‎ ee (2) 
o A6 Ay 291 


where Alc; is the temperature change through the 
compressor. 

er Heat coefficient 
The heat coefficient is defined as the dimensionless 


heat supplied to the primary air. 


_ 83 A5 Và cp Ale 
Lat Tora యా (3) 
Zn 
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where Als is the temperature change through the burner. 


Derived coefficients 
It is convenient to compare the mechanical power and heat energy 
to some significant parameter of the jet pump in order to determine the 
effectiveness of any design. The reference parameter chosen was the 
discharge momentum of the jet pump. By dividing the power coefficient 
and the heat coefficient by the momentum coefficient, it is possible to 


obtain derived power-momentum and heat-momentum coefficients. 





C。 -= Ce = BAV af همع‎ (4) 
En esAsVs Vs as 
“q 
C = Ca ۔‎ BAM مه‎ -ceAIe 
IC, 6۰۸۶۷ Vs .o2*. 9 


293 
It is shown in Appendix A that Cpy » Cam , and Cy can be re- 


duced to the following: 


I VW 
۳ Pes y+ 1 _ Ë. Y ۶ 
m Pro | Y-1 1 2 (6) 
1 41 1 
Com لے‎ T ( tt) M s” 


E- E-e] ۷۸+ 1 
where X is the mass flow ratio, m, /ma . 

Equation (6) shows that Cy depends only on the discharge total 
pressure ratio, A„/P,, : In particular, Cy is independent of the 
amount of heat supplied. By specifying the desea output pressure 


ratio, EAD , the required C,, is determined. 
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Consider the case where Poe? BRT ; Ve ZA and Re /PR are 
fixed. Equation (7) shows that under these conditions Cp,, and Co, 
will be a minimum when the mass flow ratio, x , is a maximum. It is 
noted that Equation (7) is invariant for both the constant pressure and 
constant area cases, although the maximum value of x may differ in the 
two cases. 

In a sense, Cpy is a measure of the compressor power required and 
Com is a measure of the heat energy required. Similarly, Cy is a 
measure of the demanded discharge momentum. Any improvement in design 
and performance should be reflected by a decrease in power and/or fuel 
requirements. Therefore, as may be seen from Equation (7), a necessary 
and sufficient criterion for optimum performance is that the mass flow 
ratio, X , be a maximum. Henceforth, an optimum pump is defined as one 
that has the maximum possible X for specified values of Pea / P. o ; 

Tha Tro ‚and RA,/R, . It will be shown later that under these 
conditions an optimum pump corresponds to a specific area ratio, ہے‎ Ne : 
Any other value of area ratio will produce less than the maximum pos- 


sible nass flow ratio. 


Efficiency 
Another performance parameter of some interest is the mechanical 


efficiency which is, of course, based on energy considerations, namely, 


— Final available energy (Isentropic) 


0 Initial available energy (Isentropic) 


N, = ms (Hs - 4<) 


ma A He 
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It is shown in Appendix A that the above definition is reducible to the 


result: 


Pt 
{ 1 (Bie) T) Ome Er) (8) 


Ma Had ] Tto 
Re 

From Equation (8), NM > like the other performance parameters, 
will be optimum when x is a maximum for specified conditions of pressure 


and temperature ratio. 


Constant pressure development 

This analysis is an optimization of the performance of the constant 
pressure heated jet pumps which were ee in Reference 1. A typi- 
cal constant pressure mixing jet pump is shown in Figure 1 along with 
the associated h-s diagram. The basic development of the constant 
pressure case is from Reference 2. The many details of the development 
are contained in Appendix A. 

The usual isentropic relationships were used to solve for condi- 
tions in the primary (jet) system and in the secondary system up to the 
mixing tube entrance. It is also assumed that the specific heats remain 
constant. 

The three basic equations that have to be satisfied for constant 


pressure mixing ( P= Pa ) are continuity, energy, and momentum. 


Continuity: 

mM. tm = N (9) 
Energy: 

mH + maHa = ولو‎ (10) 
Momentum: 

(hat ha) Va = CMV + PV) 9 Cpa- pa) As (11) 
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It is noted that the resultant pressure forces in Equation (11) are zero 
when the velocity in the primary nozzle is subsonic. 
The equations of continuity, energy, and momentum can be expressed 


in non-dimensional terms. This development is shown in Appendix A. 


Continuity: 
1 
A * ۱ - 122۷5 ) یر‎ 
فكوا‎ yw) (tts + اد وی عد‎ 0 OI a Ma 
تار + 1) و2‎ (B a) [ue 1- Ay ల Mat (12) 
oes Tto Tei 75 
Energy: 
Tea د‎ X = + X مغل‎ 
Tto (1 JS DD 
Momentum: 
1 E + 
Te Moo xe RS = ce w 
where, 


a ప ల 
= I ENS Pte en = Fu M s 
EEEREN, | ۱ J 





By fixing Pi, ZË, م‎ ۲۸ AR/ pe , and MZ , it 5 
possible to obtain an explicit solution from Equations (12), (13), and 
(14) since there remains only three unknowns x , T+ PIE, , and A4/A 

Equations (13) and (14) are solved simultaneously for x and 
Ea Vrs . By eliminating huy | between the two equations, the 


following quadratic equation in X is obtained. 
(mé -MrOX e+ (CEE ur 2 EM ^. Ms (xod Iure ute efl د‎ O (15) 


Equation (15) can be solved using the quadratic formula 


x = =b š Vb“ -4ac 


7 Zo. 
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where 


0 se sn 
x e x هو‎ 
"102000١ &) 
%2 2 
c Feju- (myegy) 


Since the mass flow ratio, X , must be positive and real, one 
limiting condition is that b*- 4ac 20. For all cases investigated this 
condition is satisfied. Other limiting conditions are M7 <= 14.0 and 
اما‎ = 10 since the primary and secondary nozzles are only converging, 
not converging-diverging. Both roots of Equation (15) were determined. 
One of these was negative and, therefore, was discarded as meaningless. 

From the solution of Equation (15) it was possible to determine 
Tea an, from the energy Equation (13) and As [Az from the continu- 
ity Equation (12). AA can be solved directly from the mass flow 
ratio. 

The computer was used to obtain solutions to Equations (12), (13), 
and (14). The parameters Pe, / Pre . ۸ O » Re /R, , and M 
were varied systematically to obtain families of constant pressure pumps. 
The optimum pump from each family was determined. Appendix C contains 


solutions for each optimum pump for the conditions specified. 


Constant Area Development 
This analysis is an investigation and optimization of the ideal 
flow of a perfect gas through a constant area jet pump. Figure 2 shows 
a sketch and a general h-s diagram of a constant area pump. This fig- 
ure indicates the notation to be used to denote station locations through- 


out this development. 
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Much as before, this analysis involves the solution of the continu- 


ity, energy, and momentum equations. These equations may be written in 


absolute form as follows: 


Continuity: 

a Aa (16) 
Energy: 

ma Ha + mH, = ma Ha (17) 
Momentum: 


Ma Va - un ¬ ma ya = P2Az + ويم‎ -Pa À; (18) 
It is shown in Appendix A that the above equations can be non-dimension- 


alized to yield the following relationships: 


Continuity: 
yo tm) + Bee pimp) - )١ عظ) نك(‎ dim) — G9) 
Energy: 


JPM +B E pM?) = (t+y) Bt Fe GMs) (20 


Momentum: 
c ss Pa x 
y Y (Ma ) +S Wim.) (4+y) oe U (M4) (21) 
where: 
23 
(M = (1 - EM) M* 
POM) تد‎ Y) 


and y is the area ratio, AL/As 
The development of Equations (19), (20) and (21) is from Reference 


2. A similar development is included in Reference 1. However, an error 
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was found in Equation (37) of Reference 1 rendering incorrect solutions 
for the constant area case presented therein. 

It is assumed that the parameters Pi: /Pro ‚ ti Er. , and 
Pis/Peo are given. Values of the secondary velocity ratio, MZ 1 
are systematically chosen. Once MZ is fixed the primary velocity 
ratio, My , can be determined as shown in Appendix A. The remainder 
of the problem resolves into a solution of Equations (19), (20) and (21) 
for the unknowns My , y and ۸ / To ; and satisfying the boundary 
condition that the value of Pr4/Peo so obtained must equal the value 
originally specified for Pes/Peo . 

Since the resulting relationships are transcendental, it is neces- 
sary to solve the equations by iterative procedures. It is thereby 
possible to achieve solutions for numerous families of constant area 
heated jet pumps. 

The routine employed to solve the equations is to choose increment- 
al values for M;* >- Choosing MZ fixes all the known parameters not 
previously specified. A trial value of the area ratio, y, is assumed. 
The mass flow ratio is then solved by the relationship: 

> 


Š — Pro MEL 0 2‏ ت2 
Te ur aa‏ 220 


Now it is possible to solve for the discharge total temperature ratio, 





14 ۵0 و‎ by using the equation: 


Teg ہک‎ AEF Tri / Tto 2 
Tio 2, + 1 e 


This procedure determines all the parameters except the exit velocity 
ratio, My? . The final equation solved is a quadratic in terms of M4. 
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M; E 


D-MQS si (24) 





The above equation gives a supersonic and a subsonic solution for MS 
For this particular analvsis (i.e., Mz and ۷ > 1 and constant area 
mixing), the supersonic solution for MZ is meaningless. This means to 
say that ME cannot be supersonic for a constant area pump when the in- 
let velocity ratios, M and MZ, are limited to one or less. However, 
the supersonic solution of ۷۸ may be of interest if MZ and/or M; 
are greater than one. 

The preceding procedure gives a solution to the equations; however, 
it is also necessary to satisfy the boundary conditions. The resulting 
exit total pressure ratio, Pt47 Rs ; is checked against the desired 
discharge total pressure ratio, Pes /Peo . If these quantities are not 
equal, the area ratio is adjusted in order to achieve the necessary 
conditions at the end of the mixing section. This process is repeated 
to determine families of constant area jet pumps. 

Figure 3 shows the performance curves for two families of constant 
area pumps. As defined previously, the optimum pumps are those which 
achieve a maximum mass flow ratio for given values of ۳۶۱/۲۲۵ و‎ 
Tis / Tio , and Pes / Pro . 1t is observed that optimum conditions 
are reached in two different ways for the constant area case. 

Again referring to Figure 3, curve Á passes through a true mathe- 
matical maximum in the sense that Mz —(). This curve shows that as 
MZ increases the mass flow ratio increases up to a maximum and then 
decreases. This situation will be referred to as case A hereafter. 

Curve B shows the other limiting case of the constant area system. 
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This curve increases up to a point of maximum mass flow ratio and simply 
ceases. This phenomena is not clearly understood. Constant area pumps 
that reach optimum conditions in this manner will be known as case B. 

The computer solutions in Appendix C contain a complete set of opti- 
mum constant area heated jet pumps for the conditions specified. The 
non-starred optimum pumps correspond to case A, and the starred pumps 
are limited in a manner illustrated by case B. These results will be 


discussed in a following section. 


Discussion of Theoretical Results 

One significant indication of the performance of a jet pump is the 
amount of energy that must be supplied to produce the discharge momentum 
demanded. The coefficients Cam and Com are simply numbers indicating 
the energy supplied; and the coefficient m is a measure of the dis- 
charge momentum required. These coefficients show the effect of chang- 
ing the parameters Pes / Pro "Nr / Tto , and Des / Peo 

Figures 4 through 9 are graphs of Cpy compared to eon for fami- 
lies of optimum constant pressure and constant area jet pumps. These 
graphs are basically maps formed by curves of constant supply pressure 
and temperature ratios. One of the most significant results illustrated 
by these maps is the trade-off between the heat energy and compressor 
power necessary to produce the desired Cy 

For example, consider Figure 4. If the supply pressure ratio is 
fixed, Cpy decreases as the supply temperature ratio increases. This 


indicates that the compressor power required is reduced by heating the 


rima air. Conversel for a constant temperature ratio తీ, 1s 
primary air y, P 9 Q 
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reduced as Pes /Pro is increased. For the highest temperature ratio 
and the lowest pressure ratio, the compressor power is minimal. It 

is also observed that the greatest incremental decrease in Cpy occurs 
between temperature ratios of 1 and 2 along lines of constant pressure. 

Now consider the sequence of Figures 4 through 6. It can be seen 
that as the momentum coefficient demanded is increased, the maps tend 
to move up and to the right. This, of course, corresponds to higher 
supply energy requirements. Also, it is noted that the effect of heating 
is greater as the demand on the pump is increased. 

Figures 10 through 15 are graphs of maximum mass flow ratio versus 
M; . These maps illustrate the performance limitations of the pumps. 
It must be understood that each point on a map represents a different 
pump. Therefore, any one curve provides an array of ideal design pos- 
sibilities. This should not be confused with the performance variation 
due to changing operating conditions of an individual pump. 

Each map shows that as CES is increased along lines of con- 
stant P / Pia و‎ the maximum mass flow ratio increases. This increase 
is greatest up to a temperature ratio of 2. Beyond this temperature 
ratio, the effect of heating is less apparent. 

Figures 13 through 15 are performance maps for optimum constant 
area pumps. The lines of constant temperature ratio are continuous; 
however, there are points of discontinuity in the slope of each line. 
The dashed curve connecting these points divides each map into two dis- 
tinct regions. The lower left area of the map corresponds to a flow 
limitation as shown oy curve Á of Figure 3. The area to the right of 
the dashed curve exhibits a flow cut-off similar to that illustrated by 


case B. These figures also show that the secondary mass flow rate 


13 


l 

( Ma ) decreases as the discharge total pressure ratio increases. 

Appendix C contains the solutions of the computer programs for the 
constant area and constant pressure cases. Each line of data represents 
the parameters defining one optimum pump. The momentum coefficient is 
constant for each page of data. Area, velocity, and temperature ratios 
were included in these results to provide additional criteria for jet 
pump design. The results show that for a given (m and Tes /Tto , the 
discharge total temperature ratio can be decreased by increasing Pes /Peo . 
This fact could be an important consideration in choosing the material 
for the mixing tube section. 

The رر‎ effect of heating the primary air to decrease the 
compressor power required has been shown. It must be realized that 
these are idealized cases that represent the maximum performance attain- 


able. Actual jet pumps can approach but never exceed these limits. 


Fixed Area-Variable Discharge Pressure 
The final theoretical analysis considered is to investigate the 
operating characteristics of jet pumps with a fixed area ratio ( Az /Az Ja 
By systematically varying the supply pressure and temperature ratios, it 
is possible to predict the envelope of operation for a given pump config- 
uration. These predicted values are again based on ideal conditions; 


therefore, they represent the maximum performance attainable. 


The fundamental objectives of this analysis are; first, to marry the 


= t 


previously discussed theory to an actual hardvare design; second, to 
determine the design limiting parameters such as size, available com- 
pressor power and material limitations; and finally, to predict the per- 


formance curves of the jet pumps designed. 
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The theory of the ideal flow through a fixed area pump is similar 
to the analysis discussed in the constant area section. However, by 
fixing the area ratio (A,/A, ) and allowing DIR, to vary it is pos- 
sible to obtain explicit solutions for the equations of continuity, 
energy and momentum. Appendix C contains an example of the data obtain- 
ed from the computer program used to predict each pump's performance. 

The constant area system is selected primarily due to its relative- 
ly simple mixing section design. The supply temperature ratios are 
limited to three or less, and supply pressures are investigated up to 
ratios of 2.4. Mixing tube diameters of four, five, and six inches are 
chosen. This choice is predicated on the nominal pipe sizes available. 
The primary jet nozzles are designed to give a good spread of area 
ratios ( A/A, ). The final result is nine different jet pump con- 
figurations. The table below shows the area ratios of the jet pumps 


investigated. 
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Table 1. Area Ratios Selected For Proposed Design 


Figures 16 through 24 show the predicted operating maps for the nine 
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fixed area pumps considered. These curves are prepared primarily for a 
quick comparison of theoretical and experimental results. Consider the 
pump with an area ratio of 2.16, shown on Figure 16. Assume that ۲۳ 
= 10 Pr / Pro = 1.6 and the back pressure ratio ( È s / Pro ) is 
adjusted to 1.2. Entering the map with these values predicts a mass 
flow ratio of 1.07. Now if the primary fluid is heated to T&1 / Tte = 3.0, 
it can be seen that the mass flow ratio increases to 1.33. This is an- 
other example of how heating favorably influences the performance of a 
jet pump. 

It must be clearly understood that these mass flow ratios are simply 
upper performance limits. Actual jet pumps will not reach these values 


due to friction and secondary mixing effects. 


Theoretical conclusions 

For fixed input and output conditions, all performance parameters 
vary favorably with an increasing mass flow ratio. 

For fixed supply and demand conditions, there is one and only one 
area ratio, AA , that will produce the maximum possible mass flow 
ratio and hence the best all around performance. 

Heating the primary air decreases the compressor power required, 
i.e., there is a trade-off between heat and power. 

The optimum pumps are idealized cases that represent the maximum 
performance attainable. Actual jet pumps can approach but never ex- 
ceed these limits. 

The ordinary ideas of efficiency are not necessarily decisive in 


the application of this device to boundary layer control. 
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3. Jet Pump Test Facility Design 

The test facility proposed for studying heated jet pump operation 
is shown in Figure 25. Basically, it consists of (1) a primary flow 
system for supplying jet air at a desired pressure and temperature; (2) 
a secondary air supply system; (3) a set of interchangeable converging 
jet nozzles; and (4) the constant area mixing tubes. 

The test apparatus was designed to be a fixed installation ex- 
hausted to the atmosphere. The primary purpose of this facility is to 
provide fundamental information on jet pump design parameters, and to 


establish correlation between experimental and theoretical data. 


Primary Air Supply System 

The primary flow section includes the compressed air supply and 
fuel supply systems and the combustion chamber assembly. The purpose 
of the primary system is to provide heated compressed air to the jet 
pump. 

The flow of compressed air to the jet pump is controlled by means 
of an electrically actuated butterfly valve. It may assume any position 
between fully closed and fully opened. Thus, this valve controls the 
pressure of the primary fluid downstream. 

After passing through the throttle valve, the compressed air flows 
into the primary system plenum chamber. The dimensions of this reservoir 
are arbitrary; however, the chamber must be large enough to serve as a 
settling tank. 

The compressed air leaves the plenum chamber and passes through a 


square-edged orifice installed in the four inch mild steel exit pipe. 
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This orifice measures the flow rate of the primary air, Ma, . The 
compressed air is then directed into the burner assembly. 

The burner unit is a small cannular combustion chamber obtained from 
an auxiliary gas turbine compressor used for starting jet aircraft 
engines. The fuel nozzle, igniter plugs and the flame tube are integral 
parts of the burner unit. The operating range imposed on the jet pump 
(i.e., Pir /Pro S 24 and Ta / Tto తే... is well within the capabilities of 
the combustion chamber. 

Fuel is supplied to the burner from a pressurized fuel tank. The 
fuel pressure is maintained constant by means of a pressurized bottle 
of inert gas. Fuel flow is manually controlled by a needle valve in- 
stalled in the fuel supply line. This valve sets the fuel/air ratio and 
is the primary means of controlling the total supply temperature, Tes 
The ignition system consists simply of two 12 volt storage batteries 
connected in series and an ignition control switch. 

After the primary air is heated, it passes through a 17 inch sec- 
tion of 5 inch stainless steel pipe. This pipe section is inserted in- 
to the secondary air plenum chamber and provides a male fitting for the 
primary jet nozzle. Total supply temperature and pressure are measured 
by means of a fixed Kiel-temperature probe. These two values combined 
with the flow rate are the parameters of prime importance in the pri- 
mary supply system. 

The primary air then passes through a converging nozzle and is 
ejected into the mixing tube section. The three interchangeable nozzles 
designed are shown on Figures 26 through 28. These stainless steel noz- 


zles must be machined with close dimensional control and polished to 
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a mirror finish. They are tapered to ensure uniform flow of primary and 
secondary air at the mixing tube entrance. A lubricant, such as "silver 
goop," should be applied to the nozzle threads prior to installation. 


This material prevents "welding" at elevated temperatures. 


Secondary Air System 

The secondary air system simply provides a means to measure the 
secondary air flow rate, m, . Basically, it consists of an airtight 
plenum chamber and the associated piping and fittings for a mass flow 
determination. 

Figure 29 shows the proposed secondary air plenum chamber. The 
reservoir is constructed of 12 gage sheet steel. Standard flanges are 
used for all piping connected to the chamber. Care must be exercised 
during fabrication to ensure the airtight integrity of the plenum. Any 
leaks in the plenum will render the secondary air mass flow measurement 
inaccurate. 

The alignment of the primary air supply duct and the mixing tube 
section is important. In order to achieve the desired results it is 


necessary that the jet nozzle and mixing tube centerlines coincide. 


Mixing tube 
The length of the mixing tube must be such that optimum mixing is 
accomplished. Three tubes are available with diameters of four, five, 
and six inches. Each tube consists of four, 24 inch pipe sections which 
provide for length to diameter (L/D) ratios of 4.8 to 24. L is the length 
of the mixing tube downstream of the nozzle exit. 
The maximum wall temperature attainable is 1100°F; therefore, a 


heat resistant alloy is advisable. Type 304, schedule 40 stainless 
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steel which has a melting range of 2550-2650°F and a scaling tempera- 
ture of 1550°F was selected as a suitable material. With careful at- 
tention to the discharge total pressure for fixed supply pressure and 
temperature ratios, it would be possible to hold the temperature in the 
mixing tube low enough so that a mild steel or aluminum could be used. 
This is considered to be an additional experimental burden that can be 
alleviated by using stainless steel throughout. 

One of the simplifying assumptions was to neglect wall friction; 
therefore, the internal surface of the mixing tube is to be polished 
to a smooth surface to minimize frictional losses. Consequently, there 
should be closer agreement between theory and experiment. 

By taking temperature and pressure readings along the mixing tube, 
it is possible to determine where optimum mixing is achieved. Any addi- 
tional length will only cause a net additional loss in head due to fric- 
tion. Many of the design questions concerning optimum length of the 
mixing section can be answered only by experimentation and by investi- 
gation of the kinetics of the mixing process in which all effects are 
considered. 

As shown in Figure 27 an oversized flange connects the mixing tube 
to the secondary air plenum chamber. Attached to this flange is a bell- 
mouth annulus machined from hot rolled steel. The converging secondary 
nozzle is formed by this annulus and the exterior of the primary jet 
nozzle. 

The three mixing tubes can be interchanged and may be used with each 
of the primary nozzles. This flexibility provides for experimental tests 
of nine different jet pump configurations. 


In an actual application, a diffuser would, of course, be used at 
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the end of the mixing tube to bring the mixed fluids gradually to atmos- 
pheric pressure. For the purposes of the present research, separate dif- 
fusers were not designed due to the many varying operating conditions and 
physical configurations. 

The mixing tube is supported by three stanchions similar to the one 
illustrated in Figure 30. Each stanchion has two turnbuckles which allow 
alignment .n the vertical and horizontal planes. 

The handling cart shown in Figure 31 will be used whenever it is 
necessary to change the mixing tubes. Two carts of this design would 
be desirable to provide the versatility prescribed for the test facility. 
The carts are made almost exclusively of aluminum channel and angle stock. 


The maximum design load is 1000 lbs. 


Instrumentation 

A typical 24 inch mixing section with the associated instrumenta- 
tion is shown in Figure 32. Each section contains six static pressure 
taps. These taps are located at four inch intervals along the entire 
mixing tube. Since the assumption is made that a constant static pres- 
sure exists across each cross section, the static pressure is measured 
only at the mixing tube walls. 

Total pressure and total temperature readings are to be taken with 
a Kiel-temperature probe. These readings can be taken at any of eight 
different stations along the mixing tube. At each station there are two 
probe fittings which permit transverse surveys of temperature and pres- 
sure along either of two diameters. 

The mounting plates shown at each station support the receiver con- 
taining the Kiel-temperature probe. The receiver is mechanically 
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controlled remotely by a transmitter. This transmitter controls the 
transverse and angular movement of the probe. 

When the probe is inserted in one of the probe fittings, the re- 
maining holes are plugged. These plugs are machined to be flush with 
the inside walls of the mixing tube. 

A butterfly valve is installed in a pipe section after the mixing 
tube to regulate the discharge total pressure. A second Kiel-tempera- 
ture probe is available to be installed at the end of the mixing tube to 
measure this pressure. 

This test facility provides the means to determine the primary and 
secondary mass flow rates. In addition, velocity and temperature pro- 
files may be determined along the length of the mixing tube, thereby 


enabling determination of an optimum mixing length. 


Mass flow measurement 

It has been shown that one of the most important performance para- 
meters is the mass flow ratio, E . Figure 33 shows the instal- 
lation of two square-edged orifices. The orifice plates for the primary 
and ambient air supply have holes of 2.5 and 3.75 inch diameter respec- 
tively. They are installed in slip-on, butt welded flanges which have 
pressure taps meeting ASME specifications. The two flange taps are 
connected to a water filled manometer board where the pressure differ- 
ence „Aw, is measured. The gage pressure P, , and temperature t, , 
must be measured ahead of each orifice. 

ASME requirements prescribe a minimum straight pipe length ahead 
of and behind an orifice for a flow rate measurement. The straight 
pipe length shown in Figure 25 exceeds the minimum requirements; there- 


fore, it is not necessary to install flow straightners. 
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Reference 3 contains all necessary equations for determination of 
the flow rates. 
Cost estimate 
The cost estimate is based on the following assumptions: 

a. No old material will be used except the burner and fuel 
supply system, pressure and temperature gages, and mano- 
meter boards. 

b. Heat resistant alloy is necessary in the mixing tube. 

c. All machining and fabrication can be accomplished by 
shop personnel. 

d. Three nozzles and three mixing tubes are necessary to 
check a range of configurations. 

Two cost estimates are provided: 


a. Total material cost with 
remote electrical control: $5555.42 


b. Total material cost with 
remote mechanical control: $4787.42 


The total man-hour labor estimate is 362 hours. 
The material cost could be reduced considerably if only one nozzle 
and one mixing tube were used. This is shown in the following estimate: 


a. Total material cost with 
remote electrical control: $3734.08 


b. Total material cost with 
remote mechanical control: $2969.08 


A minimum cost estimate is provided based on the following assump- 
tions: 
a. One nozzle and one mixing tube will be used. 
b. The mixing tube consists of two, 24 inch mixing sections 
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instead of four. 

c. Handling carts are not required. 

d. The supply temperature ratio is reduced to Ta lo = 210 
Therefore, stainless steel could be replaced by mild 
steel. 

e. Manual controls are used instead of electrical. 

f. As much old material as possible will be used such as 
plastic tubing, wall taps, copper tubing, connectors, 
pressure plugs, burner and fuel supply system pressure 
and temperature gages, and manometer boards. 

g. Four inch pipe will be used in the mixing tube. 

The total minimum material cost is $1601,50. 


An itemized cost estimate is contained in Appendix B. 
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4. Recommendations for further study 


At this stage of the investigation, the most essential require- 
ment is to build the test facility described in this report. If this 
is not feasible at the present time for economic or other reasons, a 
further theoretical analysis would be useful to study the effects of 
wall friction and incomplete mixing. These analytical studies should 
also include the effects of variable specific heats. 

A further recommendation is to proceed with the preliminary design 
of an experimental boundary layer control system utilizing such a heat- 
ed jet pump. 

It also would be of interest to investigate the performance of a 


heated jet pump with a converging-diverging primary nozzle. 
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FIGURE 6 
THEORETICAL MAPS OF OPTIMUM CONSTANT 
PRESSURE JET PUMPS, SHOWING COMBINATIONS 
OF Ce, IND Cas WHICH SATISFY THE CONDITIONS? 
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APPENDIX A 


Detailed Development 

l: Preliminary relationships 

The preliminary relationships are similar to those of Reference 
1. All velocities are arbitrarily expressed in terms of the dimension- 
less velocity ratio, M° , This ratio is obtained by dividing the 
flow velocity, V, by the reference velocity, a , which is the speed 
of sound at sonic velocity. The Mach number, M, is equal to M* at 
sonic velocity and in all cases aM=a*M”, M* is also proportional 
to a finite velocity at all absolute temperatures. 


The following equations are used throughout the development: 
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2 2 UE ہے لج‎ 
a =a Rh టల్‌ 





Ares E e S 
Tr i ۲ + 1 M 
Es 
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R^ UR 
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(4-1) 


(A-2) 


(A-3) 


(A-4) 


Ds = e, A, V, 

వ ss 

S J wee 
a 


Performance coefficients 
a. Momentum coefficient 
The momentum coefficient is defined as the dimensionless 
momentum: 


CAVES 
eA, ہہ‎ 





Aue 


2 | 
Substituting Ge tor ایی‎ 


Fe C A. Q2 M. 
D Ed AF a 1 - 








2 2 
Now e. Oe Me can be written 
x 
Cos 5 Ex Cs “s 5 
where 
EI 
سم‎ _ LF 
x = x 
ES SE 


which can be written 
1 


C > (Teeter 
GL E 2 T+ is 
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D 


Substituting for Ts /Tes and n s into (A-4) 
1 


ఠా 
ہس‎ 1 - Sa ME 
ez E 
4 $11 
È 
CC can be written in terms of the equation of state 
and the speed of sound at sonic velocity 


aR) కద్ధ గి 


which can be written 








x x Ps 
gar = c (ER) n 
Since * co d i Mz Me 
Ps rresponds to static pressure at 5 s hl; 
then, : 
x x 2 ۶ 
0 تب‎ ca Pes 
Substituting for RIA and peras? into (A-3) 
1 
۲-1 HR ¥-1 站 
x E EEE mus £g NF xe 
Cs Us MS ( f ) గ دیص‎ Ps Ms 
JU 
Similar to Qa, ** 
2 ROG 
Xa * గ్రా 
Po A y + r) న్‌ 
Dividing £0," M, by Po ae 
2 Yt 42 十 
ర్వ 0 ۴۸۷۸ء‎ ° 5 TES ۲+ 1 Mg 0. Pes Mr 
Gras CN x 7۶۳۷یہ‎ 
E T 
M,” = 


ie As Vs = e A, Vv. 


As _ ۷۵ 
Au ۶ ۷۶ 
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Substituting for Ve and Ve 





(A-5) 


Since In 2 , therefore Qd s 49 , hence 
As 


` 


Au Pe MÄ 
Substituting for (6, / fa) in (A-5) and noting 5 Fes 


2 ۱ 
As . (| ۳ Wa 
Ag | ٤ یا‎ M. 


Ki 





Substituting into Equation (A-2) for 





EC G. M á ۷ 7 
کہ‎ 0 
and As/A, , the result is 
Pic e 
Cis eos Pro M; 


and substituting for Mj" 


| 
T Bel vi Pro “= 7? 
ie | a ۲ Cn) l 


It is seen that Ci is a function only of the required 











discharge total pressure ratio. In particular, Cy is 
independent of the amount of heat supplied. By specifying 
the desired output pressure ratio, R: / Peo , the required 
Cm is determined. 

b. Power-momentum coefficient 
The ratio of the power coefficient to the momentum coeffi- 


cient defines the power-momentum coefficient. 


C E Ce a Cs A3V3 4 cp Ate 
۲ Cs AgVe* o7. 
£qJ 


ms AH. 29J‏ امت 
Pus m,+ mM, ae‏ 


70 


e 0‏ ل رت 
۷ )1+ 2( 


ma 


AHe = రజీ e 


AH. = co Te f (B)* - 


Substituting for AH, and Vs in (A-6),then Cpm becomes 


yl 
Com 4 76 
) 2 + ۸ ( که‎ ۷۵ ۵ 





also 
2 ٩ ۵ u 2 IJR Teo 
x x 0 2 ^2 ۱ (A-7) 
و‎ CIES) (HR Fe) Tv) 
Therefore 
Pes = yy! 
(42) 5 11 21 
Con B 2 T x (A-8) 
Cas +L) RE ۵ 


rearranging and substituting in (A-8) for Tie Tr from the 


energy equation (A-31) 


` ) ١ ۱ 
Com E Ms 
سس —— سس ہت‎ (A-9) 


parte x]‏ لسر 


Heat -momentum coefficient 


The ratio of the heat coefficient to the momentum coefficient 
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C. 


defines the heat-momentum coefficient. 


co = Ca _ GAs af ءء٤‎ 
uU er €. As Ve? «2 
293 

92 ۸٩ دوع‎ 

Com m, + My Vs Ag 


ee 


(人 رد‎ Ge Via 
AQ = Cp OF, e) 


De)‏ - )مه = وه 


Since there is an isentropic relationship between state 0 


and le , then Ag becomes 
= 


Y 
7 Teı Pr, 54 
2۹ 5 Cp lt | Tto 1 (5) | 


T 
Following a similar substitution for ale to as in 
5 o 





(A-7) Com becomes: 


(RE 7 vun 
0 8 = Pro ۲-1 
QM ^" 


CER m E (A-10) 


Rearranging and substituting for Tes 7 from the energy 


equation (A-31) 


Com _ ir (Mg) o 
T Per y E — ఆలూ ; 
ال م‎ yy’ 


It is noted that the following equation can be written in- 


volving Com and Cpy from (A-9) and (A-11). 


అ دو‎ Yd (M) 
( | ےت‎ si کت‎ 


Consider the case where P,/R, , :ا‎ / ,, , and R;/R, are fix- 


(A-12) 


ed. This equation shows that under these conditions Cp, and Coy 
will be a minimum when the mass flow ratio, m,/m,- X , is a maxi- 
mum, Also, it is noted that this equation is invariant for both 
the constant pressure and constant area cases, although the maximum 
value of X may differ in the two cases. 
d. Efficiency 

Another performance parameter of some interest is the mech- 
anical efficiency which is, of course, based on energy considera- 
tion, namely, 


Y _ Final available energy (Isentropic) 
Mm = 


Initial available energy (Isentropic) 


ms (Hs-As) _ 6۸:۷ ٦٣ 


Na = m4 A He BA; QUAL | OR 
^e ١ 
es Vs 
٥۵۷9 as Cp ATe a,“ 1 Cu: 


65۸5 ۷ Ve ay eJ 


5 Gs" Vs _ 4 [Rs 
es کی ا لم‎ Ms 
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Substituting for Cpy from (A-8) 
2 (+E MÊ les m* 
حرج‎ ye Tro Ms 
Pto 
Substituting for Tis ¿Teo from the energy equation (A-31). 
Lie = (+) Ms (x T LET ) (A-13) 
(E) y er Tto 
Pto 
Since, ds = Ro , then 
اجا‎ 
اك‎ M = | మ y 
T s Pes 
Substituting for LEM” into (A-13) 
Therefore: 
8-1 
($2)? T 
t5 ti 
= : + A-14 
“gro 5 
Pto 


, like the other performance 


m 


AX is a maximum for specified condi- 


This equation shows that 


parameters, will be optimum when 


tions of pressure and temperature. 


3: Development of constant pressure jet pump theory 


An explicit solution to the equations of continuity, energy, and 


momentum is possible when the following parameters are considered fixed: 


ratio of the demanded discharge total pressure to 


ratio of the primary (jet) total pressure to 


ratio of the primary (jet) total temperature to 


the 


Pes /Peo the ambient pressure. 
the 
Pu / Re the ambient pressure. 
T/T, the 
tif ‘to the ambient temperature. 
M, the 


dimensionless secondary velocity. 
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The usual isentropic relationships are used to solve for conditions 
in the primary (jet) system and in the secondary jet system up to the 
mixing tube entrance. 

The critical value of MZ for choking of the primary nozzle can be 


determined from the isentropic relationships 





y-1 ce 
< کے نے‎ ۷ 
Be جه‎ - ex] aas 
ii 
SQ spin daa 2 M | ٦ (16-ھ)‎ 
to 2 Pro y+1 


* - x 
For sub-critical flow, M3 < 1.0 and M, < Ma er , the primary 
ye 
flow is unchoked and 0 2۶ Pa . M 2. is the critical secondary velocity 
+۴ 
ratio at which M; becomes sonic for supply pressure ratios less 1.89. 


Multiplying pe / P. by P. / fs from (A-15) and (A-16) results in 





۱ ۷ x^ r-i 
PR ANLE le (A-17) 
RB. |1 NM; 
to 2+1 M. 





EE 
2 
ae 
M; it |i (A-18) 
Also í 
7-1 
Sp ce pom cou x a ler ess IA MI 
ü 1 户 Y+l i 
to to € 


% 


At critical conditions, M; = 1, MS ۷3 , and 22 ۶ Fa: 
It is possible to determine the critical M, as a function of R/R 


from (A-17) 
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2 دک‎ s Y-1 M 
ES = 2 
Y+1 ( E l $44 oe 
1 
9 D 0-1 2 
M, ۱+ 1 2 | š ۱ y ۲ 
er = — = -19 
*- x »* 
For super-critical flow, M, MES Mo... and pee +. . For 


.其 

supply pressure ratios, Fi / Pro , greater than 1.89, Ma = 1.0 
e 

for all conditions. This renders the concept of ieee meaningless 


and P< is not equal to Ë: و‎ specifically P: < fs : 


Pre Ra R 
六 
二 
Pas ae ار‎ 
Since Mj = 405 
E "(p 
3 2 0 t! 
一 — -2 
29 ష్‌ | 3 Mu 
and „a Yet 
P.o +1 
The basic condition for constant pressure mixing is: 
Pe = Pa (A-21) 
Therefore pe د‎ | 4 Res since Pa = R 
Pee \ al E à °° 


Substituting the isentropic relationships for p. /R. and مص رع‎ 


) Ps = E ) and raising to the J-i power. 
Y-1 
a = 
0-1 M. _ Rs 8-1 
Pes Y«1 2 E I y41 
Rs 








ا 
Ma‏ 


x 
Hence Ma can be determined from 
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حك 
2 





- 1-44 MW 
Ma ۱۰ | er Tei i (A-22) 
Rs| غ‎ 
Ro 
* 
Analyzing the Equations (A-18) and (A-22), it is seen that M; and 
* >e 
Ma are fixed when Rı/R.: ; Re/R, and Mz are fixed. Tales does 
not appear in either equation. 
The three basic equations that have to be satisfied for constant 


pressure mixing (Tr = Pa ) are continuity, energy and momentum. 


Continuity: 
ma + my = m, (A-23) 
Energy: 
rH, + mH, = m4Hy (A-24) 
Momentum: 


(m3+ m,) Va M (mas T mV.) == [Ps وزيم‎ (A-25) 
It is noted that the resultant pressure forces in (A-25) are 
e تم‎ * 
zero in the constant pressure case when M3=1 and M, = N,.. since Tos EL 
+ * x 
When Ma = 1 and M;» Mor then Tre. < Pe . The continuity equation 


(A-23) can be rearranged as follows: 


_Ma B ma 
ms s Ma 
Let L= M/M; 
So _ fa Ag Ma 1 
5 2 0 TE ein un, — 
i Pa As Ws 03 
هش‎ = Br) Ma -ai (A-26) 

Me Eo‏ وم 
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and from the isentropic relationship: 

















p i‏ ا 
ta. E a 7-8‏ 27-1 
B- Pts r Ms | = lla do Ms s‏ 
Pa Peg imi m De {— Mi‏ 
tg‏ 
Ra F. Tes‏ 
i3 i Pes les = Peo dls‏ 
Rs 7 Fes Te,‏ 
Tts Fs Teo‏ 
Hence,‏ 
i 4‏ 
Fr ۳ t= 4 % 2 Y-1‏ 
P3 a les Re d + 1 ۷3 ×‏ 
Pa DN = Em 1 E x Mets‏ 
Es = {‏ 
ws + 4‏ 
[Ee Ts a) 5 = a B‏ تم a‏ ا 
de Ta ti e Tea Teo Tes‏ 


3 
Substituting for ps/ Pa and Ag Va into Equation (A-26). 




















4 P ۲-41 y (۶ 
A a+) 3 Tea) > ۵ کچ‎ J+A Ma t MŽ 
E E, e 
" — UM [Ride 0 E 
It will be shown from the energy equation (A-31) that; 
Tes 
TR (+a) 
Rh Te 1+ 化 
Substituting for Tey / Teo , then A4/Aa becomes ; 
1 
A 4 i Te Y-1 ۷ cae 
4 - +a) Tes నట. `. Ma A-27 
A; | (Fas >) Os (Tea) IE ا ہر‎ 


Fo Tto 
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This is the dimensionless form of the continuity equation 


ye 
Similarly replacing M, by Me and noting that Îs = Te, and R.-R, 














then; 
A (+i) Th i B. i M; TUA 
5 = ti O + 
As | du p x) Rs s کے‎ m io Me (A-28) 
Pro 702 ۷+ ٩ 5 5 
兴 x 
Similarly for A/A, replacing Ms by M¿= 1 
i D e 
= و‎ 4-4 x 8-1 
x SA Doct 
۰ - + 4 2 bo gaa 13 * 
As Ha జ Es Bs (Tet )* z SM; (A-29) 
to + 
From the mass flow ratio % , it is possible to determine Az / Az 
జ్‌ "M 
A A Pa Az az Mz 
ms pP; Az as Ms 
and: 
4 € ya 
Bs nS x^ ) Y- 
Az = x Peo fı ۷+ 4 Ma Mi 
A ST E | INS Mr (A-30) 
| Teo j* | a 3 


Consider the energy equation, (A-24). 


Maco a + ma Cp Tes == Ma Co Tea 


m4 1+4 





m i Ma 
Wa T TU + + 1) > 


The non-dimensional form of energy equation is 


Cit) = (ee) oe denn 





Tto 
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Now consider the momentum equation (A-25). Substituting for the 
velocities and rearranging 
° x % e శ x 9 ° x لد‎ 


Dividing both sides by ma A 
we Sé a % % ళీ > A 
4A Ms زر‎ as Az M2 D (P3-P:) A; = (1+ ma) 44 Ma (A-32) 
Lo m 0 maja 


Let 


D = WPa- Pa) Az 


02 na 


D can be expressed as follows 


9 ل يي رديه -و)‎ = L- ABIE ir 
2 As ena (EE 0 ۳ az Mz” 
D = 


Y - MT 


la Pe) Yee మ 
1 (i 2 2Y le Ms | 1 Di 








* e * 
For M, £ í and M, = Ma cr >» P= 55م‎ therefore D- O. 
pe * * 
For Ms = land Ma > Maar ۱ Pa A Pa - 


Therefore: 


_ 2 ۷۲+ 4 MS 
D. f- d) S A] 0 
D. ilh[,. f- 
lt E) 
ELLE) 
8 Ps 


6 


J 
۱ 
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a Es AÑ 
De E Tu Í — 5 La M, 25 Peo 
ర్‌ | Tr. er وعم‎ 
1 


Let 





TO 


Substituting into Equation (A-32), the dimensionless momentum equation 


is 





x [Ta 
B UM T K M, + um 3 一 (1*4) 


Tes py,* 
A-33 
ae EX 


By fixing Rs /Peo 5 8۱/٣, 1۲١ / Teo , and M.* 


4 » it is possible to 
obtain an explicit solution from the continuity, energy, and momentum 


equations since there remains only three unknowns L Teal leo, and Ag/A 
The energy and momentum equations are solved simultaneously for 


化 20 ۰ 


By eliminating Tea /Tto between the two equations, the 
following quadratic is obtained. 


(M; - MY 十 (E +1) m2 [EE mi (M+ Dia + m [RON 2 


81 


2 ۱ اس‎ 
m [w (má. 5 
n | 


This equation can be solved by using the quadratic formula 


ےھ ۔ ۶ہ ات _ 


PE 2a 


where 


2 P. - 
Sein, Ma - 2 I ۷ 
= Et 1) 4 Teo ; ۷ ; 4. £) 


D 
I 


Once X is determined, then ME Iko can be determined from the energy 


equation and A¿/Az can be determined from the continuity equation. In 


addition, it is now possible to determine the area ratios Ay/Asz, A./As, 


Basi- 


and Ac 25. 


4. Development of constant area theory: 


This development was provided by Dr. Gawain in Reference 2. 


cally, it is a process to non-dimensionalize the equations of continu- 


ity, energy and momentum. These equations are initially in the follow- 


(A-34) 


(A-35) 


(A-36) 


ing form: 
Continuity: 
m. cms = m 
Energy: 
EIS + Ra nis = ma Ha 
Momentum; 


ma Va - ۷ء۳‎ = ma Va = Pat, + As os 


82 


First, consider the continuity equation (A-34). Expanding this 
equation gives the relationship: 
x x * * * x 
۸ا وذ ی٥ + ,0 ۷ء۸ م‎ o; = Ca Ay Ma 07 
It must be understood that A,+A,= A4 for the constant area case. 
The general relationship for the ratio of mass flow rate to the 
area is: 
m/A = pV = par M = — a Mr (A-37) 
E € e x 
Using the isentropic relationship for the density ratio and expanding 


d yields: 


M/A = E - m 


ا 
1-3 











Pe 5ے‎ ^ * 
G RT; | s ¿RT M 


2 ۰ 
Ki= long Rt 


The final form of Equation (A-37) is: 
| 
m/A = K, R. (Ty ° (1 - SEM ) M 


It is convenient to define a velocity function «d(M"^): 


Let 





— 





| 
pM = E M* = (1 5 اج‎ Ma ye M* 
Solving for the mass flow rate gives: 
EU 
m =K ARRI BCM?) (A-38) 


Now substituting Equation (A-38) into Equation (A-34). 


PIME) + K, As Ra TaJ PIMI) = K, ARa Cha) (Mg) 


It can be seen from Figure 2 that the total state conditions at stations 


KA, Pea (Teo) 


1 and 3, and stations O and 2 are equal. The preceding equation is 
- Y. 
non-dimensionalized by dividing through by K I) ^ . This 


results in the final non-dimensional form of the continuity equation. 
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0 :و 
Pto Y Tti s Pro VTt4 :‏ 
The energy equation (A-35) for the constant area jet pump can be‏ 


expanded to yield the relationship: 


e; A, V, ہام‎ + ©3A3Vs cp Tes = Q4 A4 V4 Cp lta (A-40) 


In general, the term 0۷ can be expanded into the form: 


6۷ 1+ = eg at MR = Tt ex a” d(M*) 

and, 
fe / / 

era" = DR) F s r 

Therefore; 
١ 
oVTe = KP. (Qe) A (M) 
Substituting this relationship into Equation (A-40) and non-dimension- 


alizing in the same manner as before results in the final form of the 


energy equation. 
x Pu Kr A: 5 Pes ا٢ب‎ A š 
y (MŽ) + رو‎ PM) = (Ln) b dns (Mi)  (A-41) 


The specific heat at constant pressure ( cp ) is assumed to be constant. 
Finally, considering the momentum equation (assuming steady, fric- 


tionless flow and the velocities are uniform at stations 2, 3, end 4): 


Ma Va m,V, = m, V3 = ليم‎ E pA; - 4 (A-36) 
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Rearranging and substituting for im and A, gives; 


Alp + e V2) * يض) وى‎ + OW) = (A, + A Gp, م+‎ ۷ ) 


Now consider ( p+ +eV*) in general. This factor can be expanded to 








yield, 
preVv*s pt tera * M* * - كك + 1 )ص‎ Em») 
where 
Tt . 8-1 ya y! 
+ (IHM ) 
and 
గ 
ies Y-i vr TI 
BR (1 + 5+1 M ) 
Therefore; 


2 IMS x x 
Pea BR ir = R fierent fremt 





It is helpful to define W(M*) as; | 
Nin -ک‎ 1 ۴ 81 x2 
pis [1 un dien 
So the final form of the term( pt 6/7) is: 





p+ eV = R yM” (A-42) 


Substituting Equation (A-42) into Equation (A-36) and non-dimensionali- 


zing yields the momentum equation: 





y MI) * Su (MZ) = (= DEM) (A-43) 


From the continuity equation, the mass flow ratio is determined 
to be; 


PC Ter $(MZ) 
h/s ax = y ge Re Sm?) BM 
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And from the energy equation, the mixing tube discharge temperature 
ratio is: 


Tta E d ` SS 
Tto بيه‎ + 1 (Aa 


Dividing Equation (A-41) by Equation (A-43) results in a quadratic re- 


lationship in terms of Ma 


ec Pa fint 
eM) _ ED RD SN N. 


POM) Vre (0 QUOD Br pm) 


where, 


(M) " Man 
PME) ۰۶ 


It can be shown that the right side of Equation (A-46) must be 


equal to or less than one-half. Let, 


$ a 
1+ 


* 
Taking the derivative of this function with respect to M, 


0 9 ى‎ 1-M* 


d M. د‎ (1+ M¿ E? 


1 
Setting the derivative equal to zero and solving for M, yields, 


2 
| - تارانم 


Choosing the positive root and substituting into Equetion (A-47) gives 


the maximum value of the function fj OM. 


fJ OM. = 7 
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Therefore; 
Í(Mj)s 1/2 
This condition is a limit for the constant area case. 

Solutions for optimum constant area jet pumps are contained in 
Appendix C. An iterative procedure was used to satisfy the boundary 
condition that م۳‎ (Pro must equal Pee / Pro . This was accomplish- 
ed by varying the area ratio AS TAS until 4 Ao was equal to 
the specified value of P.s / Peo . It is emphasized that each line of 
the computer results represents the optimum pump of a family of constant 


area jet pumps. 
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APPENDIX B 


Itemized cost estimate 
The following pages show the itemized cost estimate for various 
test facility configurations. The numbers for each item up to item 22 
corresponds to the numbers shown on Figures 26 through 34. The labor 
estimate was made by Mr. Robert Besel, Laboratory Supervisor for the 
Aeronautical Engineering Department. 
Material estimates were solicited from numerous companies. The 


code used for denoting the company is as follows: 


Code Company 

MC McMaster-Carr Supply Co. 

DU Ducommun Metals and Supply Co. 
RE Reliance Steel Co. 

ME Meriam Instrument Co. 

PA Pacific Metals Co. 

RY Ryerson Steel 

GC General Controls Corp. 

USC United Sensor and Control Corp. 


The total cost estimates are included in the following itemized 


cost estimates. 
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Man Hours 


7 


7 


90 


108 


48 


32 


16 


42 


362 


Labor Estimate 


Drill and tap flanges for primary system 
Install mass flow orifice plates and flanges 
Fabrication of nozzles 

Fabrication of mixing tube sections 
Fabrication of bell-mouth annulus 
Fabrication of secondary air plenum 

Drill and tap flanges for secondary system 
Install butterfly valve 

Fabricate mixing tube stanchions 

Fabricate handling cart 


Assemble complete system and hook-up instrumentation 


Total estimated man hours 


100 


10% 


11. 


APPENDIX C 


Computer Results 


This appendix contains computer solutions for a set of optimum 


constant area and constant pressure heated jet pumps for the condi- 
tions specified. Each line of data represents the parameters defining 


one optimum pump. The momentum coefficient is constant for each page 


of data. 


Also included is a sample computer program and solutions for one 


jet pump with a fixed area ratio, ۸/۸ = 2.16, and fixed supply 
Each line represents the theoretical performance for the 


conditions specified. 


conditions. 


The symbols used in the computer programs are as follows: 


the ratio of the demanded discharge total pressure 
to the ambient pressure. 


pressure ratio, station (n) to (m). 
temperature ratio, station (n) to (m). 
area ratio, station (n) to (m). 
velocity ratio (M*) at station (n). 


ratio of the discharge total temperature to the 
ambient temperature. 


mass flow ratio, secondary to primary. 
$ , ratio of specific heats = 1.4. 


rho, density. 
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